Electric field control in ultralong-range triatomic polar Rydberg molecules 
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We explore the external electric field control of a species of ultralong-range molecules that emerge 
from the interaction of a ground state polar molecule with a Rydberg atom. The external field 
mixes the Rydberg electronic states and therefore strongly alters the electric field seen by the 
polar diatomic molecule due to the Rydberg electron. As a consequence, the adiabatic potential 
energy curves responsible for the molecular binding can be tuned in such a way that an intersection 
with neighboring curves occurs. The latter leads to admixture of s-wave character in the Rydberg 
wave function and will substantially facilitate the experimental preparation and realization of this 
particular class of Rydberg molecule species. 



PACS numbers: 31.50.Df, 33.80.Rv 

I. INTRODUCTION 

Because of their exaggerated properties (long lifetimes, 
strong long-range interactions, large sizes, etc.) Ryd- 
berg atoms have emerged as leading candidates for stud- 
ies of strongly correlated systems, many-body quantum 
phases, quantum information processing, and for non- 
equilibrium dynamics in cold and ultracold atomic plas- 
mas pQ. A couple of recent developments in the field of 
cold Rydberg physics are the creation of a frozen Ryd- 
berg gas [2] , and the realization of Rydberg blockade and 
Rydberg qubits [SHS]. One area of particular interest is 
the prediction and subsequent experimental realization of 
ultralong-range Rydberg molecules [TJ [8] . This prototyp- 
ical giant Rydberg molecule consists of an atom excited 
to a Rydberg state with large principal quantum num- 
ber n, combined with a ground-state atom that is within 
the Rydberg electron orbit. Binding in this system re- 
sults from frequent, low-energy scattering of the electron 
off the ground state atom, whose interaction is charac- 
terized with a Fermi zero-range potential proportional to 
the scattering length of Rydberg electron with the ground 
state atom. If the scattering length is negative, the zero- 
range effective interaction is attractive [9] and can bind 
the ground state atom to the Rydberg atom. 

As with all Rydberg systems, these molecules respond 
sensitively to external fields [T0HT2] . In the original work 
of Greene et al. [7 , a class of Rydberg molecules (so 
called "trilobite" molecules) were predicted to have mas- 
sive dipole moments, on the order of kiloDebye (kD), pre- 
senting extreme sensitivity to applied electric fields. More 
recently, an investigation of the Stark spectrum of s-wave 
dominated Rydberg molecules has produced the first di- 
rect measurement of a permanent dipole moment in a 
homo nuclear molecule [13]. The same binding mecha- 
nism has been proposed to give rise to ultralong-range 
giant dipole molecules formed by a neutral alkali ground 
state atom that is bound in a decentered electronic wave 
function of a giant dipole atom [T4] . 



In this work, we focus on a new type of polyatomic 
Rydberg molecule formed from the interaction of a Ry- 
dberg atom and a polar molecule perturber; first pre- 
dicted in Ref. [15 . By considering a nearly degenerate set 
of higher angular momentum (I > 2 in rubidium atom) 
electronic states, it was predicted that a lambda-doublet 
molecule with a sub-critical Fermi- Teller dipole moment 
(do < 1.639 D) can bind to a Rydberg atom. The re- 
sulting giant molecules were predicted to be relatively 
deeply bound, with binding energies ~ 10 GHz, and pos- 
sess very large dipole moments, d ~ 1 kD. Furthermore, 
the molecule can form in two different spatially and ener- 
getically separated configurations corresponding to par- 
allel and antiparallel alignment of the perturber's dipole 
moment. In a followup study [16] . it was found that the 
electronic structure of the Rydberg molecule could be 
modified as a function of the perturber polar molecule 
permanent dipole moment. For large dipole moments 
(do > 1.3 D for the rubidium Rydberg atoms studied in 
[T6] ) , a significant amount of s-wave character is admixed 
into the electronic state of the highly localized Rydberg 
molecule. 

The molecules investigated in the present work com- 
bine the appealing aspects of ultracold Rydberg and po- 
lar molecule systems: the ease of control and manipu- 
lation of Rydberg energies and timescales, and the rel- 
atively large dipole moments (~ 1 D, as in KRb [T7] ) 
of polar molecules in their ground electronic states. Re- 
cently, it was shown that state-dependent molecular Ry- 
dberg systems could be used to dramatically increase the 
effective interaction length between polar molecules con- 
fined in deep optical lattices. Rydberg atom- mediated 
interaction with polar molecules provides an additional 
knob in such systems for single site addressing of molec- 
ular qubits [T8] . 

In this paper, we examine the behavior of Rydberg 
molecules formed by a polar perturber with a sub-critical 
dipole moment under the influence of small external fields 
(Fext < 14 V/cm). Due to the existence of large per- 
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manent dipole moments for the large triatomic Rydberg 
molecules, large linear Stark shifts are expected similar 
to the linear shift for a bare (hydrogen) Rydberg atom 
[TO] . At zero external field, we confirm that the elec- 
tronic structure of these molecules has negligible s-wave 
character. However, due to the strong Stark shift of the 
molecule, we find that, in the presence of small external 
fields (-Fext ~ 7 V/cm), a set of broad avoided cross- 
ings are introduced in the s-wave dominated molecular 
Born-Oppenheimer (BO) potentials. This additional s- 
wave coupling induces significant s-wave admixture into 
the molecular electronic state in a manner similar to that 
seen for larger perturber dipole moments [16]. The sen- 
sitivity of these molecules to external fields offers the 
unique possibility to tune their electronic structure using 
quite small fields, making them experimentally accessible 
via standard two photon photo-association [8]. 

The paper is arranged as follows. In section [Hj we in- 
troduce the adiabatic Hamiltonian which describes the 
electron-polar molecule interaction considered here, and 
discuss the methods used to diagonalize it. In section |IlH 
the convergence behavior of the resulting BO potentials 
with respect to the Rydberg electron basis set is ana- 
lyzed. In section [TV] we present the Stark spectrum and 
electronic state control of the lowest vibrationally bound 
states of the Rydberg molecule. Finally, in section [V] 
we summarize our results and propose future avenues of 
inquiry. 
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FIG. 1: A qualitative sketch (not to scale) of the Rydberg 
atom - polar perturber system is shown. We adopt the mini- 
mal energy configuration where the total dipole d is oriented 
by an external electric field F e ^t- The dipole do of the polar 
perturber, on the other hand, possesses two different parity 
states, namely, being parallel or antiparallel to the external 
field, respectively. Here we depict the expected ground state 
configuration when the dipole resides between the Rydberg 
electron and the ionic core. 



II. ADIABATIC HAMILTONIAN 

The polar molecule is modeled as a two-level system in 
which the opposite parity states are mixed in the presence 
of an electric field, i.e., 
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where A is the zero field splitting between the two molec- 
ular states (as in a A-doublet molecule), do is the perma- 
nent dipole moment of the molecule in the body fixed 
frame, and F is an electric field external to the polar 
molecule [16 . Specifically, the electric field stems from 
the Rydberg electron (F e ), the Rydberg ionic core (F c ), 
and a superimposed external field (F ext ), 



F(R,r) = F e + F c + F e: 
r- R 
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where e is the electron charge, R is the Rydberg ionic 
core-polar molecule separation vector and r is the po- 
sition of the Rydberg electron with respect to the core. 
Eq. ([I]) hence describes the coupling between the internal 
states of the polar molecule and the Rydberg atom, as 
well as the influence of the external electric field on the 



polar molecule internal states. The system under con- 
sideration is illustrated in Fig. ([!]). We remark that, as 
in Ref. [16], the model Hamiltonian is suitable for A 
doublet molecules (such as OH and CH) where a perma- 
nent dipole arises from the interaction of two opposite 
parity electronic states. Furthermore, we consider only 
subcritical dipoles, do < d c = 1.63 D [T9] . 

The Hamiltonian ([!]) depends on the mutual orienta- 
tion of the electric fields involved. Here, we assume the 
minimal energy configuration where do is aligned by the 
electric field of the ionic core (defined as the z-direction) . 
As shown in Refs. [I5j [16], the Rydberg atom - polar 
perturber complex gives rise to giant permanent dipole 
moments d in the kD range. A small external field will 
immediately orient the dipole along the field direction. 
Here we choose the external field to be antiparallel to 
the z-axis, F ext = — F e ^ t e Z: such that the configuration 
depicted in Fig. [I] results in which the polar perturber is 
localized on the positive z-axis, R = Rz. Eq. ^ then 
becomes 
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where F(R, r) = F(R, r)e z and 6L_^ = (r - R) • R/R\f— 
R\. This means that the projection m of the Rydberg 
electron angular momentum along R is conserved. 

To find the BO potentials, we solve the adiabatic 
Schrodinger equation at fixed polar molecule location 
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R = Rz, 



with 



(R; f, a) = U(R)^j(R; f, a), 



H&d = Ha + H } 
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As in Ref. [16], the first term, H A = -^V 2 r + VJ(r) + 
i^s, describes the unperturbed Rydberg atom but now 
with addition of the Stark effect 



H s = F ext r cos 6 ft 



(7) 



of the Rydberg atom. The core penetration, scattering, 
and polarization effects of the Rydberg electron are ac- 
counted for by the /-dependent model potential V\{r) [20] , 
giving rise to the quantum defects of the low angular mo- 
mentum Rydberg states. m e is the electron mass, i/j is 
the electron wave function, and a is a collective coordi- 
nate for the internal states of the polar molecule. The 
eigenvalues U(R) of Eq. ([5| serve as the BO potentials 
for the Rydberg molecule. 

To solve Eq. ([5]), the total wave function is expanded 
in the basis {^ n i m {f) where t/j n i m (r) is an unper- 
turbed Rydberg orbital and |±) are the polar molecule 



parity states. For low angular momentum states (I < 2), 
where the core effects matter, the Rydberg orbitals are 
obtained by solving the field-free atomic Hamiltonian Ha 
by means of a discrete variable technique [21]. For high 
angular momentum states (I > 2) the Rydberg orbitals 
are taken as the hydrogenic wave functions. The Hamil- 
tonian (|6| is diagonalized in an extended basis set com- 
prising several Rydberg n manifolds (see Sec. Ill for a 



discussion on the actual number of Rydberg manifolds 
needed to achieve convergence). The matrix elements for 
^ext = are presented in Ref. [16] and require the numer- 
ical integration of highly oscillating functions. The ma- 
trix elements of the atomic Stark Hamiltonian Hs need 
either to be determined numerically whenever a low an- 
gular momentum state is involved or can be calculated 
analytically for the hydrogenic eigenstates, 
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Overall, the adiabatic Hamiltonian matrix assumes the 
following form, 



ad 



Ha 
d F 



d F 
AI + H A 



(12) 



where I is the unity matrix, Ha = En y d + H$ is the ma- 
trix representation of Ha with E^yd being the diagonal 
matrix containing the field-free Rydberg energies, and F 
is the electric field matrix whose elements are given in 
[T6] with an additional diagonal offset of F ext due to the 
external electric field. The atomic and molecular degrees 
of freedom are coupled by the electric field Q that mixes 
both the Rydberg orbitals as well as the parity states of 
the polar molecule, cf. Eq. ([T]). The BO potentials are 
found by diagonalizing the matrix (12) at each R. The 



of ERyd are those for the rubidium atom [10]: fi s = 3.13, 
fip = 2.65, fid — 1-35, /if = 0.016, and /ij>3 w 0. While 
our focus is on Rb, the current technique can be extended 
to any highly excited Rydberg atom by using the appro- 
priate quantum defects. 



III. BASIS SET 

In calculating the BO potential surfaces - by diago- 
nalizing Hamiltonian ( 12 ) - care must be exercised with 



quantum defects used in this work for the determination 



respect to the basis size. The larger the dipole do of the 
polar perturber, the more Rydberg orbitals are needed 
to describe the localization of the Rydberg electron at 
the dipole. In this work, we consider a model perturber 
whose dipole moment corresponds to that of a rigid ro- 
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FIG. 2: (color online) (a) Illustration of the basis sets used for 
calculating the potential energy surfaces stemming from the 
n = 34 Rydberg manifold. The zero order basis includes the 
{n = 34, I > 2} manifold as well as the 37s quantum defect 
split state, energetically close to the n = 34 manifold; the 
Stark effect of the 37s state has been included. The larger 
basis sets include the n — An, . . . , n + An manifolds as well 
as the {(n + An + 1, s,p, d), (n + An + 2, s,_p), (n + An, s)} 
states and are labeled by An. For all the basis sets, only 
the mi = is considered. (b,c) Convergence of the potential 
energy surfaces with respect to the basis set for zero external 
electric field and for F ex t = 8.0V/cm, respectively. In both 
panels, the solid black line corresponds to the largest basis 
set considered, An = 6; the solid gray lines are for decreasing 
An = 5, 4, 3, 2. The red dashed line illustrates the zero-order 
results, for which already a good agreement with the An = 6 
result can be found. 



tor molecule (KRb) in its ground rovibrational state, 
do = 0.566 D [22 . Accordingly, the splitting A is chosen 
as the rotational splitting of the KRb molecule between 
the ground and first excited rotational state, A = 2.228 
GHz [23 . As mentioned before, we remark that for non- 
A-doublet molecules such as KRb, the present framework 



is not suitable. Hence, while we do not expect quantita- 
tive predictions for the KRb molecule, significant insight 
can be gained for A doublet molecules with subcritical 
dipoles of the same order as that for KRb. 

In Fig.|2j we provide a convergence study of the BO po- 
tentials stemming from the n = 34 Rydberg manifold as 
a function of the basis size. Fig. [2ja) illustrates the basis: 
The zero order basis (highlighted in white) includes the 
{n = 34, 1 > 2} manifold as well as the 37s quantum de- 
fect split state which is energetically close to the n = 34 
manifold. The larger basis sets include an increasing 
number An of Rydberg manifolds, distributed symmet- 
rically around the intended Rydberg state n (highlighted 
in increasingly darker shades of green/gray); in addition 
the {(n + An + 1, d), (n + An + 2, (n + An, s)} 
states are included. For all bases, only mi = is con- 
sidered. In Fig. [2^b), the BO potentials for the different 
basis sets for F ext = are displayed. A clear convergence 
trend from the zero order basis (red dashed line, 32 basis 
functions) to the largest basis set (An = 6, black solid 
line, 448 basis functions) is found. The zero order basis 
already provides quantitatively adequate results. Hence, 
we will use the zero order calculations as the basis for the 
ensuing discussions. 

It is not a priori clear if the zero order basis is able to 
produce satisfactory results for the field-dressed BO po- 
tentials. In Fig. [5|c), the convergence study is presented 
for an external field F ext = 8.0V/cm which is chosen 
such that the BO surfaces cross through the 37s thresh- 
old. One finds basically the same convergence behavior 
as in the field-free case, validating the use of the zero or- 
der basis also for finite external fields. We remark that 
even in the zero order basis we accounted for the small 
quadratic Stark effect of the 37s state. The two lowest 
asymptotes are split in by the parity splitting, A = 2.228 
GHz. 



IV. RESULTS 

The most salient features of the BO potentials in the 
field- free case were already discussed in Refs. p~5j [16]: 
The modulations that form a series of wells reflect the 
oscillatory nature of the Rydberg electron wave function 
and the outer most wells in the lowest two potentials are 
deep enough to support many vibrational levels. The size 
of the resulting polyatomic Rydberg molecules scales as 
R ry d n 2 and the well depths scale as Vd oc do/n 3 . 

The addition of an external electric field has poten- 
tially two effects: it can act directly on the molecular 
dipole do and it can influence the Rydberg atom. The 
former is negligible since the electric field due to the ionic 
core dominates in the range of energies we are interested 
in. The Rydberg atom, on the other hand, is highly sus- 
ceptible to external fields. Moreover, the Stark effect is 
state dependent: While the degenerate I > 2 manifold 
shows a strong linear Stark effect, the low angular mo- 
mentum states, which are split by the quantum defect, 
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FIG. 3: (color online) Overview of the potential energy sur- 
faces resulting from the interaction of a n — 34 Rydberg atom 
with a polar perturber of strength do = 0.566 Debye and a 
parity state splitting of A = 2.228 GHz. Solid lines: zero 
external field; dashed lines: F ex t = 8.0V/cm. The energy 
surfaces are calculated using the zero order basis; the dotted 
lines indicate the results from a calculation using the An = 6 
basis set for the lowest three energy surfaces. The two lowest 
asymptotes are split in by the parity splitting, A. 



possess weak quadratic Stark effect. In particular, the 
(n + 3)5 state, which is the energetically closest state to 
the degenerate n manifold, shows an almost constant be- 
havior for small fields. As a result, the n(l > 2) levels 
cross through the (n + 3)s state already for small electric 
fields (F « 7 — 8V/cm for n = 34). This provides an 
excellent handle for the field-controlled manipulation of 
the BO molecular states. 

An overview of the relevant BO surfaces for two dif- 
ferent external fields, namely, F ext = and F ext = 
8.0V/cm, is provided in Fig. [3] for the n = 34 poly- 
atomic Rydberg molecules. At zero field (solid lines), 
the n = 34(Z > 2) BO potentials are well separated from 
the quantum defect split 37s state. As indicated above, 
the external field results in a linear shift of the degenerate 
states while the 37s state is barely affected. Accordingly, 
already for a small external field of F ext = 8.0V/cm 
(dashed lines) the outer two wells of the n = 34 sur- 
faces are no longer separated from the 37s state but cut 
through it. In the absence of an external field, a similar 
effect can be achieved if the molecular dipole do is closer 
to its critical value [T6] . 

A closer look at the transition of the potential wells 
through the 37s threshold is provided in Fig. [4] where 
closeups of the BO potentials for the three field strengths 
(a) F ext = 6.0V/cm, (b) F ext = 7.0V/cm, and (c) 
^ext = 8.0V/cm are presented. The first few vibra- 
tional states supported by the outer well are shown at 
their respective energies; note that all vibrational states 
are computed based on purely adiabatic potentials, ne- 
glecting nonadiabatic couplings. The potentials support 
multiple vibrational states p~5j [16] . This holds even in 
the case where the n = 34 potential wells are strongly 
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FIG. 4: (color online) The BO potentials for the Rydberg- 
polar molecule system are shown, calculated for Rb(n = 34) 
using the zero order basis and the molecular parameters 
d = 0.566 Debye, A = 2.228 GHz. The external electric field 
strengths considered are (a) F e *t = 6.0 V/cm, (b) F e *t — 7.0 
V/cm, and (c) F ex t = 8.0 V/cm. In the outermost potential 
wells the modulus squared of the first few vibrational wave 
functions are indicated, calculated assuming the mass of the 
KRb molecule for the polar perturber. The insets show den- 
sity plots of the electronic wave function that gives rise to the 
BO potential where the vibrational states are localized; the 
wave functions are depicted in cylindrical coordinates and for 
a fixed polar perturber position of R = 2250 ao which corre- 
sponds to the minimum of the outermost well. 



mixed with the 37s states, cf. Fig. [4jb). In this case, the 
potentials acquire a substantial amount of s-wave char- 
acter thereby, in principle, allowing for the production 
of the polyatomic Rydberg molecules by two-photon ex- 
citation from a mixture of ultracold ground state atoms 
and molecules; see also Fig. [6] for a further discussion of 
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FIG. 5: (color online) (a) Stark effect Er of the outermost po- 
tential well (solid line) which follows the Stark effect of the un- 
perturbed n — 34, / > 2 Rb Rydberg manifold (dashed lines); 
for the latter, the small /-wave quantum defect is included. 
Panel (b) shows the Stark effect of the outermost two poten- 
tial wells (solid: i^/right well, dashed: i^/left well), as well 
as of the first two vibrational states supported by these wells, 
offset by the linear Stark effect Eq. p3{ of the n = 34, 1 > 2 
manifold. The parameters (n = 34, do = 0.566 Debye, and 
A = 2.228 GHz) are taken to mimic a KRb molecule where 
the parity splitting corresponds to the splitting of the first 
and second rotational states; accordingly, the KRb reduced 
mass has been used for the determination of the vibrational 
states. 



the s- wave admixture. 

The influence of the s- wave states can be also observed 
in the electronic wave functions at the minimum of the 
potential wells, as shown in the insets of Fig. [4] Just be- 
fore and after the potentials cut through the 37s thresh- 
old, cf. Figs. [4ja,c), one finds electronic wave functions 
typical for the polyatomic Rydberg molecules based on 
the high angular momentum Rydberg states [15 . For 
the case of Fig. |4jb), however, the strong s- wave influ- 
ence diminishes the localization of the Rydberg electron 
around the polar perturber and the wave function starts 
to approach the spherical symmetry of the s-wave state. 

A more detailed investigation of the Stark effect of the 
potentials is found in Fig. [5] The subfigure [5|a) shows 
the Stark effect of the outermost potential well (solid 
lines), i.e., the field dependent energy Er of the associ- 



ated minimum. The Stark effect of the Rydberg states is 
indicated as orange/gray dashed lines. Because the right 
well stems from the lowest Stark state of the n = 34, 1 > 2 
manifold, Er shows a linear Stark shift of approximately 



A(F ext ) 



-n(n - 3)F ext . 



(13) 



Deviations from Eq. ([13]) are due to the fact that we in- 
clude the /-wave quantum defect. As can also be seen in 
Fig. [5ja), the Stark shift of the 37s Rydberg state is neg- 
ligible on the scale of energies considered here, allowing 
for a crossing of the potential wells through the s-wave 
thresholds already for relatively small external fields of 
about F ext « 7 kV/cm. 

Fig. j5^b) shows the Stark effect of the two outermost 
potential wells, Er and El, offset by A(F ext ). Since the 
latter corresponds approximately to the linear Stark ef- 
fect of E R j L , one finds an almost constant behavior as 
a function of F ext . In addition, one clearly observes the 
deviation from the linear Stark effect when the potential 
wells cross through the s-wave threshold. The non-linear 
behavior near F ext « 7V/cm occurs after subtracting 



the linear offset (13), revealing the strong admixture of 
the s-wave state. In addition to the Stark effect of the 
BO surface, Fig. |5|b) features the actual energies of the 
first two vibrational states of either of the two outermost 
potential wells as a function of the external field F ext . 
As expected, they follow the Stark effect of the corre- 
sponding BO surfaces. However, as the wells approach 
the s- wave threshold, strong avoided crossings flatten the 
potential wells, leading to smaller vibrational splittings. 

More details on the s-wave character of the polyatomic 
Rydberg states can be found in Fig. [6] We define the s- 
wave contribution of a certain polyatomic Rydberg state 
as 



p = (x(R)\b(R) 2 \ x (R)), 



(14) 



where x(ii) is its vibrational wave function and b(R) de- 
fines the s- wave admixture of the electronic wave function 
for a fixed position R of the polar perturber via 



i/>(R; f) = a(R)Mr) + b(R)^ s (f); 



(15) 



ip(R; r) denotes the electronic part of the adiabatic chan- 
nel function with ^(r) including the higher electronic 
angular momentum Rydberg states with I > 2 and ip s (f) 
being the s-wave Rydberg electron wave function. As 
expected, j3 peaks for external fields where the poten- 
tials cross through the 37s threshold, which occurs rather 
rapidly. Hence, the admixing of large amounts of s-wave 
character (/? > 20%) becomes possible for initially near- 
degenerate high-/ polyatomic Rydberg molecules via the 
application of a small external electric field. We excluded 
m Fig. [6] the region where the potentials wells Erj l 
are in between the two s-wave thresholds (split by the 
A-doublet splitting), as the determination of the vibra- 
tional states in this region is no longer characterized in 
the single-channel picture, due to multiple avoided cross- 
ings between the adiabatic channels. 
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FIG. 6: (color online) s-wave character /3, cf. Eq. (14), of the 
first (solid lines) and second (dashed lines) vibrational states 
of the right (black) and left (red/gray) outer well; the first 
and second vibrational states show a very similar behavior 
and hence partially overlap. The zero order basis set has 
been used for the determination of /3. The gray shaded area 
corresponds to the regime of field strengths where the wells 
cross through the 37s states and hence a determination of the 
vibrational states in a single-channel picture. 



V. CONCLUSIONS AND OUTLOOK 

In this paper, we have described the behavior of giant, 
polyatomic, Rydberg molecules formed by a polar per- 
turber in the presence of weak external electric fields. For 
smaller dipole moments (d ~ 0.5 D) we showed that the 
BO potentials are converged using a surprisingly small 
set of Rydberg orbitals. Using only a n(l > 2) nearly de- 
generate set of hydrogenic Rydberg orbitals, augmented 
with the (n + 3)s state, the BO potentials are converged 
to within approximately 10% at zero field. Similar con- 
vergence behavior was found at finite fields as long as the 
quadratic Stark shift on the (n + 3)s state was taken into 
account. 

Many of the salient features of these molecules persist 
in the presence of an external field, most importantly 
their large size (Rq ~ 2000 a.u. ~ n 2 ), and an isolated 
double well structure which corresponds to different ori- 
entations of the polar perturber dipole moment. As ex- 
pected, these molecules exhibit a strong linear Stark shift 
at small external fields due to their extremely large dipole 



moments, d ~ 4 kD for n = 34. 

Due to their extreme sensitivity to external fields, 
small fields can be used to significantly influence the elec- 
tronic structure of these molecules. For a small range 
of external fields (6.0 V/cm < F ext < 8.0 V/cm for the 
n — 34 states studied here), the outer- most potential 
wells go through a set of avoided crossings with two 
s- wave dominated potentials. These avoided crossings 
significant modify the structure of the Rydberg electron 
wave functions, admixing large amounts of s- wave char- 
acter (/? > 20%). For larger fields, the wells pass through 
the s-wave threshold, and the electronic structure corre- 
sponding to their minima reverts to highly-localized be- 
havior. The avoided crossings should change the dynam- 
ics and lifetimes of the molecule. These topics are the 
subjects of ongoing studies. 

We have focused on molecules formed from a rubid- 
ium Rydberg atom perturbed by a A-doublet molecule 
whose dipole moment and zero-field splitting were chosen 
to agree with the dipole moment, and rotational splitting 
of KRb. We expect that the behavior demonstrated here 
will persist, however, for any system consisting of an al- 
kali metal Rydberg atom and a A-doublet molecule with 
a sufficiently small (subcritical) dipole moment (do < 0.6 
D), though the field value at which s-wave avoided cross- 
ings are induced will depend on the principal quantum 
number, the atomic species, and the perturber dipole 
moment. While the predictions here are not likely to 
be applicable to more conventional rigid-rotor type polar 
molecules, we can expect that Rydberg molecules formed 
using such molecules will exhibit similar topological fea- 
tures (e.g., a double well structure and field dependent 
s-wave admixtures). A more realistic model of the po- 
lar perturber for this type of system is needed and is a 
subject of ongoing inquiry. 
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